In this paper, we research the characteristics of the Laguerre-Gaussian (LG 01 ) beams generated in an Er:YAG ceramic solid state laser pumped by an annular beam. The generated two LG 01 beams (LG 0,+1 and LG 0,−1 modes) were found to have different thermally induced polarization behaviors and alternately existed in the resonator; then, a novel method was proposed and experimentally demonstrated to control the vortex helicity using a simple quarter-wave plate.
Introduction
Phase vortex lasers, which are commonly encountered Laguerre-Gaussian (LG) beams, are characterized by a helical phase front term exp(±ilϕ), where ϕ is azimuthal angle and l is topological charge. As a consequence, the phase of LG beams varies 2πl constantly while wave front rotates in a circle along the axial direction and each photon is granted with orbital angular momentum (OAM) of ±lh [1] . These beams have been applied to atom manipulation [2] , high-dimensional quantum entanglement [3] , and improving channel capacity in quantum and classical communications [4] , [5] . So far, several techniques for generating optical vortices have been developed. Common methods based on spiral phase plate [6] , [7] , Q-plate [8] , [9] , "fork" grating [10] , [11] , and mode converter [12] , [13] , etc., have been devised over the years. In contrast to these passive approaches, the so called active ways mainly include spot-defect mirror [14] , ring-shaped beam pump technique [15] - [18] , side-pumped bounce laser [19] , and off-axis coupling fiber amplification technique with appropriate stress [20] , [21] , etc., and these direct generations of optical vortex from the laser resonator are attracting much interest because of their robust structure, good beam quality, high efficiency, and high-power laser operation. However, the directly generated doughnut-like beams in these approaches have recently been demonstrated to be an incoherent superposition of two petal beams [22] , or a disordered superposition of LG modes since both two LG 0l modes (LG 0,+l and LG 0,−l ) with uniform donut-shaped intensity profile but opposite handedness can oscillate synchronously in a symmetrical laser resonator [23] . Thereafter, several methods used for discriminating them have been recently developed. In [24] , Lin et al. demonstrated a novel method based on two nanoscale thickness aluminum stripes, which required very fine fabrication and adjustment. Another effective one is exploiting different Fresnel losses introduced by an uncoated intra-cavity etalon for two opposite-handed modes [23] , but also along with inevitable cavity loss. Slightly tuning the output coupler of resonator was also used [25] . However, it was less flexible and sacrificed the conversion efficiency. Most recently, differences in polarization behavior of individual transverse modes due to transverse variation of birefringence [25] and change in polarization state due to slight tilt of laser crystal have been investigated [26] , suggesting that polarization behavior associated with thermal effect is complicated but can be utilized. Unfortunately, research on the polarization behavior of the LG 0,±l beams with opposite handedness in an identical laser resonator is really scarce. Moreover, for the most studied ring-shaped beam pump technique used to generate the LG 0l beams, the annular pump beam that commonly transformed from a traditional Gauss beam with a hollow fiber [27] or offfocus coupling [26] , usually suffers from a drawback of significant degradation in converted beam quality, thus resulting in a limited mode matching region with the desired laser in the laser gain.
In this paper, an annular pump beam at 1532 nm with unchanged beam propagation factor M 2 was produced by using a central hollow plane high-reflectivity mirror that designed in a special size. Then, on the base of theoretical calculation considering the reabsorption effect in the Er 3+ ions, the LG 01 beam at 1645 nm was successfully generated in an Er:YAG ceramic solid state laser. The two generated LG 01 beams were found to present different polarization behaviors, thereafter, a quarter-wave plate with anti-reflection coating at laser wavelength was proposed for the first time to distinguish the helicity of the two beams. As the helicity control element, the quarter-wave plate was very flexible in adjustment, i.e. just rotating it, and almost introduced no additional loss. This simple method would also help to build compact laser cavity. Finally, up to 4.3 W of LG 0,+1 mode and 3.8 W of LG 0,−1 mode were achieved, respectively, just by rotating the angle of the plate.
Experiment and Analysis
The nature of direct generation of LG vortex beam in a solid-state laser cavity can be treated as the selection of transverse mode. We may recognize that the key factor for preferential lasing on desired transverse mode is that its threshold pump power is lower than the other competing modes. In [28] , analytical expression for obtaining the desired LG0l beams in the Nd 3+ four-level system has been derived based on such mode selection mechanism. However, the significant reabsorption losses must be considered [29] , [30] in quasi-three-level laser system, such as the in-band pumped Er 3+ ions in the present work. Fig. 1(a) gives the ratio lines after the corresponding modifications. When fixing the value of a/w 0 , the ratio of LG 01 to TEM 00 [shown on the left side of Fig. 1(a) ] decreases as the value of (b − a)/w 0 increases, and when the (b − a)/w 0 is fixed, the ratio also decreases with the increment of a/w 0 . Here a and b are respectively defined as the inner and outer radius of the pump waist cross-section, and w 0 is the waist radius of intra-cavity TEM 00 mode. In contrast, the ratio of LG 01 to LG 02 (shown as the right) grows as the increments of both (b − a)/w 0 and a/w 0 . So, with appropriate a/w 0 and (b − a)/w 0 , a region should exist to ensure both the ratio values are less than 1, thus result in the oscillation of only the LG 01 modes. As the marked red points shown in Fig. 1(a) , when a/w 0 is ∼0.62 and (b − a)/w 0 is ∼0.89, it can totally meet the preferential condition for direct generation of LG 01 laser beams. Therefore, we used a two-mirror laser cavity with this parameter in our experiment.
In order to produce the desired annular pump beam, as shown in Fig. 1(b) , a plane high reflectivity mirror (M) that designed with a 4 mm central hole was used to transform the 10 mm diameter Gauss beam into the annular shape with 4 mm inner and 10 mm outer diameter. The beam propagation factor of the converted annular beam was same to that of the original Gauss beam, i.e., M 2 = 30. Unlike the annular beam that obtained with a hollow fiber [27] or off-focus coupling [26] , the unchanged beam quality of current pump beam has a larger confocal parameter, thus, resulting a longer mode matching region especially in a long laser gain medium. In addition, the conversion efficiency was measured to be ∼68%, even in a high power level, the large laser damage threshold and broad operating wavelength range (depending on the coating range, 1500-1700 nm in our experiment) make this approach more practical. After passing the beam through a f = 100 mm lens, a pump beam with 123 μm inner radius and 300 μm outer radius at waist was obtained and utilized to pump the Er:YAG ceramic (1.0 at. % Er 3+ −doping, 2 * 3 * 14.5 mm 3 dimensions). On the basis of the above simulation and optical design, we firstly investigated the output laser characteristics of the Er:YAG ceramic in a plane-concave cavity. The input mirror is coated with high reflection (>99.8%) at lasing wavelength and high transmission (T > 95%) at the pump wavelength, and the output coupler has partial transmission of 10% for the laser beam. Fig. 2(a) shows the typical transverse profiles of the laser beam that at different power levels. When the output power was less than 80 mW, two LG 01 modes with opposite helicity were emitted simultaneously since both of them matched well with annular pump beam, thus, producing a two-lobed structure intensity profile as a result of the coherent superposition [31] . As the pump power increased, the induced thermal effect in the ceramic had an adverse effect on the simultaneous oscillation of the two LG beams [23] , and made the coherent state unstable, just like the profile shown in the middle of Fig. 2(a) . Further increasing the pump power, severe inhomogeneous thermal spatial distribution [32] completely broke the coherent state and produced a doughnut-like intensity profile. Then, we measured the beam propagation factor M 2 of the annular laser, and the parameter of 2.1 was indicative of a pure LG 01 mode [33] . To clarify the handedness of the generated LG 01 beam, we investigated the interference patterns that formed by the output LG 01 beam and a spherical reference wave with the help of a home-made Mach-Zehnder interferometer, which has been used in our recently published work shown as the the upper right corner of [34, Fig. 1] . A beam splitter split the output vortex laser into two fractions, and one of the two was converted to a beam with spherical wavefront via a small aperture and a lens and functioned as the reference wave, while the other one functioned as probe beam. Two beams were converged by a beam combiner to interfere with each other on the screen of CCD camera. As observed in present experiment, the interference patterns were changeable and could be classified into three typical intensity profiles, clear left-handedness, middle state, and clear right-handedness, just as that was shown in Fig. 2(b) . Therefore, we may recognize that the LG 0,+1 mode and LG 0,−1 mode existed in the resonator alternately instead of simultaneously, and the change between them could be attributed to the thermal asymmetry in the ceramic [32] , since no external factors were introduced during the process of experiment. Such change associated with the thermal influence is generally accompanied by the change in polarization as a result of thermally induced refractivity index anisotropy [26] . Therefore, we checked the polarization characteristics of the generated LG 01 beam with a Glan-Taylor prism.
When passing the beam through the prism, we found that the power level of linearly polarized component changed closely relating to the variation of interference patterns. When the interference pattern was relatively stable (generally dozens of seconds) at one fixed handedness, we recorded the power level of the passed LG 01 beams by rotating the Glan prism. Fig. 3(a) shows the normalized power level of the different linearly polarized component as defined by the prism at 9.9 W annular pump power. As can be seen from the picture, for the LG 0,+1 mode with right-handedness, the intensity ratio of long axis to short axis was 10:1, close to a linear polarization with a polarization extinction ratio (PER) of 10 dB. For the LG 0,−1 mode, the intensity ratio was 2:1, which was smaller than the former. In addition, another notable feature was that the linear polarization directions with the maximum power level for LG 0,+1 and LG 0,−1 modes were noncoincident but with an angle θ of ∼50°. All the results suggested that thermal effect had different impacts on the LG 0,+1 and LG 0,−1 modes because of the thermal asymmetry in the ceramic [32] and the different spatial intensity distribution of the LG 0,+1 and LG 0,−1 modes in the resonator [24] . According to the discussion in [35] , when a quarter-wave plate aligned with its fast or slow axis parallel to the polarized direction was inserted in a linear polarized laser cavity, the laser loss at the polarizer could be negligible, otherwise, the loss was unavoidable. In present work, since the polarization state of LG 0,+1 mode was close to linear as discussed above, then the thermally induced birefringence in the ceramic maybe regarded as a polarizer for such mode at a certain pump power range. Therefore, if a quarter-wave plate was inserted in the cavity with its fast or slow axis parallel to the polarized direction, the LG 0,+1 mode would maintain its polarization state after double passing the λ/4 plate (rotate 0°or 180°) and experienced a small amount of loss when traversing back to the polarizer. However, the polarization of LG 0,−1 mode, with its long axis having an angle of 50°with that of LG 0,+1 , would rotate 100°or 80°after a double pass though the wave plate, hence having a perpendicular polarization component to the polarizer's direction. Then it would be inevitably accompanied by greater loss when passing back on the ceramic. Finally, the combination of the quarter-wave plate and the thermally induced birefringence ceramic caused at proper pump power level will prevent the change in the polarization and maintain the oscillation of the LG 0,+1 mode. Similarly, if the fast (or slow) axis of the quarter-wave plate was parallel to the polarized direction of long axis of the LG 0,−1 mode, then the LG 0,−1 beam will be expected to survive.
As a demonstration of the effectiveness of the quarter-wave plate, we measured the polarization characteristics and the interference patterns after inserting it in our cavity as shown in Fig. 3(b) . Fig. 4(a) gives the measured angle regions in which the stable LG 0,+1 mode or LG 0,−1 mode exists after rotating the quarter-wave plate a circle. It can be seen that the angle regions are coincident well with the directions of the long axes shown in Fig. 3(a) , suggesting the correctness of the above inference. In order to maintain the stability and purity of the generated LG 0,+1 or LG 0,−1 beams in the whole lasing process, the angle of the quarter-wave plate should be changed slightly to match with the different thermally induced birefringence at the different power level. Here, the adjust angle, experimentally found at less than 5°, verified the linear polarization directions were nearly independent on the pump power, just like the phenomenon reported in [36] . Fig. 4(b) shows the interference patterns of the separated LG 01 beams and their output performances versus the absorbed pump power. It suggests the two LG 01 modes were well-determined and had high purities due to the stable and clear interference fringes. For the LG 0,+1 mode that with the right-handedness interference pattern, the maximum output power was 4.3 W corresponding to a slope efficiency of 29.7%. For the LG 0,−1 beam, the values were 3.8 W and 26.1%, respectively.
Conclusions
In summary, the chiral characteristics of the LG 01 beams were studied in an Er:YAG ceramic solid state laser pumped by an annular beam. The annular pump beam was transformed from the traditional Gauss beam by using a specially designed central hollow plane high-reflectivity mirror, which has the advantages of unchanged beam propagation factor, large laser damage threshold, and broad operating wavelength range. With a home-made Mach-Zehnder interferometer and a Glan-Taylor prism, the LG 0,+1 and LG 0,−1 modes were found to exist in the resonator, alternately with an interval of dozens of seconds, since the different thermally induced polarization behaviors on the two modes. Then a quarter-wave plate with its fast or slow axis in an appropriate direction (depending on the polarization directions of the LG 01 beams) was inserted into the cavity as a helicity control element, which was very flexible for handedness switching without introducing additional loss. Finally, up to ∼4.3 W of LG 0,+1 mode and ∼3.8 W of LG 0,−1 mode at 1645 nm were successfully obtained. The vortex laser with opposite helicity that switched just by rotating the quarter-wave plate may have special applications in micro-particle manipulation, such as generation of opposite atomic rotational states, as an optical spanner to transmit opposite orbital angular momentum to microparticles, etc.
